The aim of this study was to analyze the effect of the addition of rice straw and clay residuals on the prokaryote methane-producing community structure in a semi-continuously stirred tank reactor fed with swine manure. Molecular techniques, including terminal restriction fragment length polymorphism and a comparative nucleotide sequence analyses of the prokaryotic 16S rRNA genes, were performed. The results showed a positive effect of clay addition on methane yield during the co-digestion of swine manure and rice straw. At the digestion of swine manure, the bacterial phylum Firmicutes and the archaeal family Methanosarcinaceae, particularly Methanosarcina species, were predominant. During the co-digestion of swine manure and rice straw the microbial community changed, and with the addition of clay residual, the phylum Bacteroidetes predominated. The new nutritional conditions resulted in a shift in the archaeal family Methanosarcinaceae community as acetoclastic Methanosaeta species became dominant.
INTRODUCTION
Continuous efforts are made to increase the efficiency in anaerobic digestion processes as one of the strategies for sustainable bioenergy production. In this context, the stability of the microbial community during variations in the environmental and nutritional conditions is crucial to the process well-functioning. Several studies have been carried out on the microbial diversity in biogas reactors fed with various organic co-substrates (e.g. cattle or chicken manure). According to these studies the hydrogenotrophic methanogenesis seems to be the major pathway of methane formation (Krause et al. ; Nettmann et al. ) . Recent studies showed that the absence of the obligate acetoclastic archaeal family Methanosaetaceae could be related to high concentrations of total ammonia (>2.6 g L À1 ) (Nettmann et al. ) . Similarly, other studies showed that changes in the methanogenic community can be linked to volatile fatty acid (VFA) concentrations, mainly acetate (Padmasiri et al. ; Kim et al. ) ; more specifically, Methanosarcinaceae were related to high levels of acetate, and Methanosaetaceae, to low levels of acetate (Padmasiri et al. ) due to the higher affinity of the latter. Additionally, other reports showed that in anaerobic biofilms the predominance of microbial groups, mainly Archaea (Milan et al. ) , are influenced by metals like nickel, cobalt and magnesium (supplied by natural and modified zeolite).
However, relating physicochemical process parameters to the characteristics of the microbial community is difficult, which consequently makes it also difficult to deduce strategies to increase the efficiency of anaerobic processes. It could be expected that the addition of organic substrate (e.g. rice straw) and the addition of inorganic additives (e.g. the bentonite-based clay mineral residuals from the clarification of basic oils in the petrochemical industry) could enhance the biomethanation of ammonia-rich substrates such as swine manure (Hansen et al. ; Milan et al. ; Montalvo et al. ; Kotsopoulos et al. ; Wang et al. ) . Rice straw and bentonite-based clay mineral residuals are wastes difficult to manage in Sancti Spíritus Province of Cuba, where several biogas plants treating swine manure are located (Jiménez et al. a) .
However, addition of co-substrates to the anaerobic digestion would also imply new nutritional conditions. No reports have been found on the impact on the microbial community structure when inorganic additives are supplied to semi-continuous anaerobic co-digestion processes. Hence, the aim of this study was to analyze the effect of the addition of rice straw and clay residuals on the prokaryote methane-producing community structure in a semicontinuously stirred tank reactor fed with swine manure.
METHODS Operation and performance of laboratory-scale biogas reactor
The co-digestion of swine manure and rice straw with the addition of clay residual was performed in a mesophilic 10 L semi-continuously stirred tank reactor (s-CSTR), inoculated with swine manure anaerobic sludge and operated for 700 days. The swine manure used was collected at the farm 'El Colorado', located in Sancti Spíritus, Cuba. The rice straw and the clay residual were obtained from the Cuban rice enterprise 'Sur del Jíbaro' and the petrochemical industry 'Sergio Soto', respectively. For the startup, the s-CSTR was weekly fed with swine manure (monodigestion) that had been diluted (1.0-1.5% of volatile solids (VS) Figure 1 . Other physicochemical parameters during reactor performance are depicted in Tables 1 and 2 .
Prokaryote community structure analysis by molecular techniques
Sampling and DNA extraction
For microbial community analysis, samples from the s-CSTR at steady state conditions considered due to a constant gas production rate (±5%) (Kaparaju et al. ) were taken (i) from the inoculum fed with manure as mono-substrate, (ii) from the co-digestion of manure and rice straw, and (iii) during the last application of clay. Genomic DNA was isolated using the PowerSoil ® DNA Isolation Kit (Mo Bio Laboratories Inc., USA).
Terminal restriction fragment length polymorphism analysis
The terminal restriction fragment length polymorphism (TRFLP) analyses were in general carried out following the protocol proposed by Rademacher et al. () . All enzymes were provided by Thermo Scientific Fermentas, Germany.
Construction of 16S rRNA gene clone libraries and sequence evaluation
Based on the TRFLP results, three sampling time-points were selected for the construction of bacterial and archaeal 16S rRNA gene clone libraries: (i) from the inoculum only fed with manure as mono-substrate (called Ino-Manure), (ii) from the s-CSTR sample after 4 days of clay addition (during the last application) to the co-digestion of manure and straw (called Clay (4d)), and (iii) from the s-CSTR sample after 10 days of clay addition (during the last application) to the co-digestion of manure and straw (called Clay (10d)). These three sampling time-points were chosen to make sure that the clone libraries would reflect, firstly, the changes within the microbial community structure during the experimental approach that were also observed by TRFLP analyses, and, secondly, to cover the whole microbial diversity. The Bacteria and Archaea 16S rRNA gene sequences were amplified by polymerase chain reaction (PCR), using the same, but unlabeled, primer pairs and PCR conditions used before in TRFLP analyses. For each DNA extract (two per crude sample) two parallel PCRs were performed. Subsequently, the four PCRs per crude sample were pooled during a purification step. Afterwards, the PCR products were cloned into a pGEM ® -T vector and subsequently transformed into Escherichia coli JM 109 competent cells according to the manufacturer's instructions (Promega, Mannheim, Germany). White colonies were selected at random and grown overnight in liquid media, and recombined plasmids were extracted using the NucleoSpin ® plasmid kit (Macherey-Nagel, Düren, Germany). The success of cloning was verified by a restriction digest with NcoI and SalI (Thermo Scientific Fermentas, Germany), according to the manufacturer's instructions. The DNA sequencing was conducted by GATC Biotech AG (Konstanz, Germany). Subsequently, the sequences were processed using the software package BioNumerics 7.0 (Applied Maths, Belgium). After a quality check of the sequences, a multiple alignment was applied under default settings for the Needleman-Wunsch algorithm with a CLUSTAL-W similarity calculation in combination with an UPGMA (unweighted pair group method with arithmetic mean) clustering using the Kimura-2-parameter correction. Based on this, alignment sequences were grouped into operational taxonomic units (OTUs) at 97% similarity. The defined OTUs were blasted using the BioNumerics blast tool to perform a megablast against the nr and env_nt databases (environmental samples), whereby the former one contains the databases of the National Center for Biotechnology Information, the European Molecular Biology Laboratory (EMBL) and the DNA Database of Japan. For a phylogenetic assignment (at the level of domain, phylum, order and if possible family) of the defined OTUs a cluster analysis with a selection of reference sequences was performed using again the UPGMA clustering method with the Kimura-2-parameter correction and 1,000 bootstrap simulations for branch quality. All the new sequences obtained in this study have been deposited in the EMBL database and are available under accession numbers HG007881-HG007957 (Bacteria) and HG007868-HG007880 (Archaea). 
Identification of terminal restriction fragments based on 16S rRNA gene clone libraries approach
Each DNA sequence was analyzed using the NEBCutter (V2.0) tool, available online (http://tools.neb.com/NEBcutter) (New England BioLabs Inc.). The sequences were virtually digested using the same restriction enzymes used on TRFLP analysis described above. Only the restriction fragments labeled at the 5 0 terminal site were considered. The size of virtual digest fragments was compared with those from TRFLP analysis displayed in the relative abundance profile.
Statistical analysis of the TRFLP and clone libraries data
In order to quantify the diversity of Bacteria and Archaea, the Shannon diversity index (H) was calculated. This index gives the proportional abundance of species and reacts sensitively to rare species. Also, the range-weighted richness described by Marzorati et al. () was determined as the number of peaks or OTUs in each electropherogram or clustering, respectively. The evenness of a community (Pielou evenness index) was calculated as the quotient of the Shannon diversity index and the maximum number of potential species in each sample. This coefficient describes the uniformity of the distribution of the individuals over the number of OTUs.
RESULTS

Reactor performance
In general, taking into account the low concentration of total VFA (below 2.5 gHAc L À1 ; HAc: acetic acid) and the values below 0.3 for the alkalinity ratio (VFA/TA) (Table 1) , the mesophilic anaerobic co-digestion process at the s-CSTR, displayed in Figure 1 , can be considered relatively stable over the whole experimental period, according to the German standard methods for anaerobic fermentation test (VDI- ). The start-up phase of the anaerobic digestion of swine manure, a stepwise increase of the OLR, showed the subsequent increase of methane yield due to the accumulation of VFA expected (up to 0.85 g L À1 of acetic acid, 0.26 g L À1 of propionic acid, 0.09 g L À1 of butyric and 0.06 g L À1 of valeric acid).
Also, the increase of the OLR led to an accumulative ammonium nitrogen (NH 4 þ -N) concentration as expected.
The NH 4 þ -N concentration increased (from 0.8 to 1.2 g kg
À1
) and, consequently, the free ammonia gas (NH 3 ) slightly increased (from 0.1 to 0.2 g kg
). Table 1 shows some physicochemical parameters during the mono-digestion of manure and its co-digestion with rice straw at different OLRs. After the addition of rice straw and before clay supplementation, the operational parameters revealed a stable digestion process. The average methane yield was as expected according to the respective ORL and it was similar to the one obtained using other energy crops (maize, rapeseed or sunflower residues) as co-substrate of swine manure anaerobic digestion (Cuetos et During the last application of clay (phase III), clay was added at three equal intervals of 3 days of addition plus 2 days without addition (Figure 1) . The clay addition caused a lag phase of 2 days where the methane yield decreased, followed by an increase even after 20 days of clay addition, in comparison with the average methane yield before clay supplementation. However, the most interesting effect of clay addition was a decrease in the NH 4 þ -N concentration (from 0.83 to 0.65 g kg À1 ) ( Table 2 ). This suggests that the adsorbent properties of clay allowed well-controlled ammonium-ammoniac ion equilibrium. After 8 days of clay addition the pH decreased to 7.7, similar to the value detected before clay addition. Independent from the previously mentioned effect of clay addition, the low concentration of VFA (<1 g L À1 ) and the constant ratio of total volatile acids and total inorganic or alkaline carbonate (<0.3) showed well-balanced conditions within the reactor performance (VDI- ). Among the VFAs, acetic acid was the principal acid obtained, because low concentrations of propionic acid (<0.1 g L À1 ), butyric acid (<0.02 g L
) and isobutyric, isovaleric and valeric acids (<0.001 g L À1 ) were achieved during the experiments. For that reason, VFA (as acetic acid concentration) performance during all the experiment steps is displayed in Figure 1 .
Prokaryote community structure
Regarding the bacterial and archaeal community structure and dynamic analyses using the TRFLP approach, it was shown that the number of detected terminal restriction fragments (TRFs) was higher for the bacterial (19-26 TRFs per sample) than for the archaeal assay (6-8 TRFs per sample) ( Table 1) . From the physiological point of view this was expected considering that three of the four anaerobic digestion steps are carried out by the bacterial community (fermentative, hydrolytic and acidogenic Bacteria). Also, the carbon source of the methanogenic Archaea (responsible only for the fourth step), from acetate or CO 2 , limits their growth rate due to the metabolic energy consumption required for their macromolecules and cell structure synthesis pathways (Madigan et al. ) . Within the Bacteria domain the highest species richness, assumed as the number of TRFs in each sample, was the sample from the s-CSTR fed only with swine manure (sample Ino-Manure) where 26 TRFs were found (Table 3) , which decreased to 19 TRFs after 10 days of clay addition (sample Clay (10 d)). The diversity calculated by the Shannon index and evenness index, which were used to describe the uniformity of the abundance and distribution of the detected TRFs (Marzorati et al. ) , decreased from the sample Ino-manure to the sample Clay (10 d) and then increased as revealed in the sample Clay (21 d), showing that the bacterial community could be adapted to the new nutritive condition, but their dynamic could be severely affected (Panichnumsin et al. ) .
The TRFLP profiles gave an insight into the microbial dynamics, showing a shift in the dominance of the detected TRFs during the substrate addition with respect to the sample Ino-manure (Figure 2 ). The TRFs retrieved from the sample Ino-manure, with fragment lengths of 89 base pairs (bp) and 162 bp, belonged to the dominant bacterial species and they occurred with 16.0 and 14.8% of the total abundance. With the addition of the co-substrate rice straw (sample Manure-straw) the relative abundance of these two TRFs decreased. The shift in the Bacteria community structure became more obvious, as in the sample Manure-straw a dominance of TRF of 92 bp with 22.6% of total relative abundance was detected (Figure 2 ). This kind of TRF (of 92 bp) increased during clay addition but decreased after 21 days of clay addition. The highest abundance of this TRF (48.4%) was found in the sample Clay (10 d) indicating that this TRF represents a group of Bacteria that is affected by the addition of mineral nutrients. Predominant TRFs of both 89 bp (sample Ino-manure) and 92 bp (samples Clay (4 d) and Clay (10 d)) from the bacterial TRFLP assay could be related to the order Bacteroidales ( Jiménez-Hernández et al.
).
With respect to the Archaea domain, only 10 different TRFs were detected, where the sample Ino-manure showed the highest diversity. In contrast to the bacterial assay, the sample Clay (10 d) showed values comparable to those of the sample Ino-manure (Table 3 ). In general, the Shannon and evenness indices were lower than those from the bacterial assay, indicating the specialization of the Archaea community methanogens.
The dynamic of methanogens during s-CSTR performance revealed by TRFLP analyses showed that the dominant TRFs of 470 bp, with 64.3% of relative abundance present in the sample Ino-manure, decreased to an undetectable level after the addition of the co-substrate rice straw (Figure 3 ). In addition, the 108 bp TRF increased its relative abundance from 4.0% in sample Ino-manure to up to 79.0% in the rest of the s-CSTR samples. With the start of the co-digestion process the TRF 340 bp becomes present in the Archaea community, which was not detected in the Ino-manure sample. The two dominant TRFs from the archaeal assay could be assigned to the families Methanosarcinaceae (TRF 470 bp) and Methanosaetaceae (TRF 108 bp) (Padmasiri et al. ; Rademacher et al. ; Jiménez-Hernández et al. ) .
From 162 sequences detected of the bacterial 16S rRNA gene sequence libraries, a total of 77 OTUs were defined (Table 3 , data in parenthesis). In this case, the samples Inomanure and Clay (4 d) showed similar diversity, and in three samples similar community evenness index values were obtained. Within the Ino-manure sample, 56.8% of the sequences detected belonged to the Firmicutes phylum, where Clostridia was the most representative class (Table 4) . Among this class the order Clostridiales dominated with 43.9%, followed by the Thermoanaerobacterales with 7.1%. The Clostridiales were represented by the families Clostridiaceae (21.3%), Syntrophomonaceae (5.2%), Ruminococcaceae (3.2%), Eubacteriaceae (1.9%), Peptococcaceae (0.6%), and Peptostreptococcaceae (0.6%). The dominance of Firmicutes has been reported during the anaerobic mono-digestion of swine manure, and during its (Ren et al. ) .
With the addition of rice straw as organic co-substrate (sample Manure-straw) a shift in the bacterial community was observed. Besides the occurrence of members from the phylum Firmicutes, a second bacterial group belonging to the phylum Bacteroidetes became more dominant (31.0%) and increased with clay addition (from seven TRFs detected in the sample Ino-manure to 26 TRFs detected in sample Clay (10 d)). This reflects that the native bacterial community from the inoculum did adapt to the new substrate by metabolizing a variety of substrates including protein, lipids, cellulose, sugars and amino acids derived from rice straw. These findings suggest that Firmicutes and Bacteroidetes are involved in the hydrolysis and acidogenesis process during anaerobic digestion (Leven et al. ; Trzcinski et al. ) .
Interestingly with the clay supplementation an increase of Bacteroidetes was indicated by both diagnostic approaches applied in this study, TRFLP (TRFs of 92 bp, Figure 2 ) and 16S rRNA gene sequence analyses, where the Bacteroidetes to Firmicutes ratio increased from 0.19 to 0.96. This finding, not reported before, confirmed the shift in the bacterial community structure found by TRFLP analysis. Notwithstanding that several authors have reported that the Bacteroidetes phylum predominates in anaerobic reactors treating municipal solid waste or household wastes (Leven et al. ; Trzcinski et al. ) , until now there has been no report about it's dominance in the manure anaerobic digestion or its co-digestion with agriculture wastes.
Although the dominant phyla were Firmicutes and Bacteroidetes, the sequences detected could also be correlated to members from the Chloroflexi (8.4%), probably associated to saccharolytic activity, and Proteobacteria (3.2%) phyla retrieved from these samples. The Proteobacteria members could be possibly related to the glucose metabolic degradation (Romanenko et al. ) and the low nitrogen concentration including its assimilation (Patterson & Hespell ) . In general, the acetic acid accumulation detected during the reactor performance could be linked to some Clostridium species but also to some species belonging to Bacteroidetes or Proteobacteria phyla, which produce propionic acid (Madigan et al. ) . However, there was no evidence about the presence of Propionibacterium species inside the reactor because the Actinobacteria phylum was not detected.
All the sequences detected from the Archaea 16S rRNA gene sequence libraries were related to the phylum Euryarchaeota, whereby 13 OTUs were defined. In general, 85.1% of the sequences detected were related to the order Methanosarcinales containing the two families Methanosarcinaceae and Methanosaetaceae (Table 4) . A clear shift in the Archaea community composition was found considering both these families: in the sample Ino-manure 28.9% of the sequences found were related to the family Methanosarcinaceae, while the samples Clay (4 d) and Clay (10 d) were dominated by sequences related to the Methanosaetaceae family. The second most abundant order, with 11.9%, was Methanobacteriales.
According to changes observed for the bacterial community, in this study a change in the archaeal community was also found at the beginning of the co-digestion process. While the archaeal family Methanosarcinaceae was predominant in the sample Ino-manure, the family Methanosaetaceae was found to be dominant in the sample Manure-straw (Figure 3 ). This is in contrast with many studies based on the anaerobic digestion of swine manure, which reported the predominance of Methanomicrobiales and Methanobacteriales, indicating a hydrogenotrophic methanogenesis ( The change to Methanosaeta species, however, indicates a methane production by acetoclastic metabolism as they are known to be specialized to use only acetate as sole substrate for energy metabolism (Smitha & Ingram-Smitha ). These results suggest that Methanosaeta species can be used as indicator for a well-balanced anaerobic process, considering its dominance under stable operating conditions linked with an enhancement of methane yield and also its efficient biomethane conversion with respect to the robust metabolic pathway of the Methanosarcina species (De Vrieze ).
With the degradation of the organic substrate, the ammonium nitrogen (NH 4 þ -N) and the free ammonia (NH 3 ) concentration increased leading also to a slight increase in the pH up to 8.4 (Figure 1 ) as expected, because swine manure is known as a substrate rich in ammonium nitrogen (Strik et al. ) . To improve the process stability clay residual was added to the fermentation process due to the adsorbent properties of clay (Tada et With the clay addition, the nitrogen ammonia concentrations were kept under inhibitory levels (<0.85 g kg À1 )
(Angelidaki & Ahring ) although a high swine manure organic load was used. Regarding the methane yield, its increase after 20 days of clay supplementation indicates a positive effect (Figure 1) . Associated with the physicochemical changes, these results showed that both the bacterial and archaeal community structure changed too. With respect to the bacterial community, members of Bacteroidetes were mainly found after clay addition. This suggests that these bacterial groups probably complement the Firmicutes group under the given environmental conditions. The reduction in the Firmicutes abundance and the simultaneous increase of Bacteroidetes also can lead to changes in the VFA spectra produced (e.g. the reduction of propionic acid, butyric acid and valeric acid, even though high concentration of acetic acid was kept). While Firmicutes are known to produce a broad range of acids and alcohols (Dabrock et , as was found in the present study. Some authors suggested that typical filamentous acetotrophic methanogens disappear at high ammonium nitrogen concentrations as they are found, for example, in swine manure (Demirel & Scherer ) . Therefore, due to the addition of clay, the ammonium nitrogen concentration is not increased to inhibitory values, resulting in a more efficient production of methane.
CONCLUSION
Being consistent with the current efforts to optimize the biomethanation process efficiency, the present study showed that the co-digestion of organic substrates affects both the Bacteria and Archaea community structure as a response to changing nutritional conditions. In addition, it was shown that the clay addition can enhance methane yield because it counteracts the high ammonium nitrogen concentrations present in swine manure. Firmicutes phylum and Methanosarcinaceae family, specifically Methanosarcina species, dominate swine manure anaerobic digestion but with the co-digestion using rice straw as co-substrate the phylum Bacteroidetes becomes dominant, allowing particular physicochemical conditions that provoke a switch in the Methanosarcinaceae family where Methanosaeta species become dominant. Nevertheless, further studies are needed to analyze the effect of clay on anaerobic digestion of other substrate typologies. Also, further analyses are required to elucidate the physiological bases that explain the shift of microbial community with clay mineral addition.
